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Samples of tuff and granite are modeled with Debye relaxation parameters to account for frequencydependent properties. The Compton electron current provides the driving force for the EMP.
Properties of the material determine how well the EMP couples energy into the cables and other nearby conductors. Radiation-induced conductivity is also discussed, since it must be included in the electric field calculation.
THE GROUND MODEL
In this section the soil is physically modeled m an attempt to account for the frequency- Here, the R are allowed to vary with time to account for changes m the earth that might be produced by nuclear radiation. Changes m the capacitances are not expected to occur. Such capacitances are caused by cracks and holes m the soil. Under irradiation for short times, the dimensions are not expected to change. However, the electrical parameters of the lossy dielectric may vary. Radiation dose rates must be extremely large to change the number density for a particular type of molecule m the soil. Hence dielectric constant changes are not expected (see Appendix A). However, the soil conductivity will vary with radiation dose. In fact, the radiation IS likely to produce resistance m parallel with each of the capacitors and, hence, augment the shunt resistance caused by their lossy dielectrics which is accounted for by R . This latter shorting should depend upon the dielectric material which might be air or water.
I ^c f'l f^ 
V(t) to E(t)
. If the area of the plates is A (or, equivalently, consider the volume of cross-sectional area A m a parallel plate capacitor of infinite area), division by A converts the current to a current density. Equation (1) can then be written as
With the definitions
this becomes
I I (i)v Fig. 2 Extension of the circuit model to a cube of lossy material inserted as a dielectric in a parallel plate capacitor.
Equation (2) may also be written IWT) (9) One of Maxwell's equations yields:
3(t) = A E(t) + -r^
If the curl of the magnetic field can be neglected, no driving current is present, and harmonic time dependence is assumed, then the total current is given by
A material is classified as a good conductor if the conduction current density (CTE) in (11) is large compared to the displacement current density \-T-^ EJ . A poor conductor is one in which the displacement current dominates. 
2 Forms similar to (12) and (13) 
E(t) = / _^(to) e"*'* dc^ .
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In general, e is a complex function of frequency that is here assumed to approach a real, positive constant (e ) as |co| -> <». Therefore,
Substitution of the transform of E^(t) into (17) and use of (18) gives
In the special case when a = 0, no dispersion occurs and the more usual dielectric constant is obtained. When it is assumed that at t = 0 a disturbing electric field intensity is applied, the relaxation processes associated with a(t) do not occur for t < 0. Hence, a(t < 0) = 0. This where f(to) = f (co) + ie.(co). The imaginary part may also be written in a form in which the conductivity is better specified:
For the case N = 1 and cr = 0, Eqs. (23) and (24) are known as the Debye equations and have been ° 3 4 found applicable to dilute solutions and some earth materials.
(Appendix B indicates that the usual dispersion relation is satisfied by this form of the dielectric constant.)
The n represent the amplitude of physical relaxation processes and must be real. Since damping is expected, the T are required to be real and positive. However, the a may be negative.
Because of production of damping by inertial, interatomic, and intermolecular forces, some processes may occur which induce an electric polarization opposite to the applied electric field intensity. For example, a polarized molecule might interact with its neighbors to induce a polarization in the direction opposite to the applied field. Such a reaction might be more probable at low frequencies where reaction with neighbors could be more important. (12) and (13).
The standard treatment for dispersion theory assumes that each charged particle of mass m. interacts with a harmonic electromagnetic field. Various degrees of sophistication may include a restoring force l-mo). (x. -x. )) f a damping force (-m.d.x.) proportional to the particle velocity, the electric field contribution to the force (q.E J, and perhaps magnetic forces on the particle
in addition to the radiation reaction terms. Where the latter two forces are neglected, the displacement of the charge is q E ^i-total
Thus the induced polarization can be positive or negative, depending on the relative sizes of the various parameters. For an atom the natural frequencies 4o./2ff of the electrons range from visible to ultraviolet. For molecules there are additional terms because of the vibration of the nuclei about equilibrium positions and because of molecular rotations. These frequencies are in 3 the infrared part of the spectrum. Small crystals in a material may interact with an electromagnetic field, giving still smaller natural frequencies that would produce ainomalous dispersion at radio frequencies.
In fitting experimental data to evaluate the parameters in Eqs. (12) and (13), the a might be restricted to positive values since they represent the inverse of a resistance per unit length.
However, negative allowed values of a in Eqs. (23) and (24) indicate the a can indeed be negative.
This might be treated in the circuit model as an interaction between neighboring capacitors.
MODEL FOR NEVADA TUFF
Data on a sample of Nevada tuff have been collected by the USGS, and by Grubb.
The dielectric constant variation with frequency is illustrated in Fig. 3 . Part of these data is listed in Table I . Data for these seven frequencies were substituted into (13) to obtain the seven coefficients f and a for n = 1, . . ., 6. Substitution back into (13) yields reasonable agreement with data in the range 2,7 x 10 < co < 10^ sec'l. Using these same coefficients in (12) with an estimate for a gives less satisfactory agreement with Fig. 4 . In view of the spread in data, the coefficients are still a reasonable representation of the tuff conductivity. Solving the problem in the reverse order is not nearly so satisfying. The variation of f over about four orders of magnitude gives a better determination of the coefficients than the conductivity data which vary only within a factor of two over the oj range plotted. (12) and (13) and find coefficients e , a , 8 .and a . This minimizes the square of a normalized oo o n n difference between a set of (oj, (, a) data points fed in and the calculated values of c, <T. The fit may not be the absolute minimum to the fitting parameter but is at least a local minimum. The coefficients from this program are listed in Table II 
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Omega Eig, 6 Conductivity (sec ) of a sample of Nevada tuff as predicted by fit to cT, e data.
MODEL FOR DRY GRANITE
As an example of a better insulating ground material, G, A, Kinemond of Sandia Laboratories has furnished some data on dry granite. The data are listed in Table III.   TABLE III The agreement with ( data is excellent as indicated in Fig. 7 . However, the conductivity predicted 4 '_ by Eq, (12) is too low. This might not be too serious a difficulty if the function -^ for the granite C0€ sample were small over the limits of interest. Unfortunately, the data from Table II indicate that the function is small only at the upper end of the frequency scale, f > 10 MHz. Thus, underestimates of the conductivity can be tolerated only at high frequencies. In like manner, underestimates of f 2 appear to be tolerable for frequencies below 10 Hz, since the granite is a "good conductor" in that region.
Substitution of the data into the conductivity equation (12) produces coefficients which cause the f to vary over nearly an order of magnitude, as seen in Fig. 8 , and thus is a poorer fit to the data. Figure 9 shows the results when the coefficients are estimated from the separate ( and or 7 results and after processing with the Biggs-Lighthill program mentioned earlier, and indicates that these dry granite data do not fit the model treated here. For further calculations with this material, the coefficients in Eq. (25) are recommended if the signal propagation speed is to have the correct frequency variation. The coefficients in Fig. 9 are recommended if conductivity effects are to be emphasized. .08 Fig. 7 The conductivity (sec ) and permittivity resulting from a fit to the granite permittivity data. Fig. 8 The conductivity and permittivity resulting from a fit to the granite conductivity data. Fig. 9 The conductivity and dielectric constant for a dry granite sample. A indicates coefficients estimated from separate fits to f and cr; B indicates coefficients after processing for better estimates of a and S , n '^n
CONDUCTIVITY ENHANCEMENT OF TUFF CAUSED BY GAMMA RADIATION
Solution of specific problems would be greatly simplified if Eq. (9) could be converted to the form of Eq, (8), For Nevada tuff, the a (~ l/R ) were found to be on the order of 3 x 10 to 7-1 '^ '^8-1 3 X 10 sec except for n = 6, while ff « 1, 13 x 10 sec , Hence R is the smallest resistance 8 in the circuit and dominates the current flow except for frequencies > 10 Hz where the n = 6 term is significant. In a typical nuclear radiation environment the Compton current density and induced -8 voltages initially follow the y pulse, with e folding times near 1 shake (10 second With the assumption that the initial resistance R is large compared to any changes that occur in -8 ^ ~ 10 second, neglect of the time variation of a is justified and Eq, (9) may be replaced by Eq. (8) The exponent, however, always appears to be close to one. Such a formula neglects the specific electron depletion processes that would be expected to introduce a time delay in the conductivity decay after the y peak has occurred.
In the soil the secondary electron number density might be approximated by '^''e . ,2 dt = S + a ,n + a ,n " . second is required to travel R. Thus the quasi-static approximation is reasonable for the Compton electron flux.
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The parameter j3 is an order of magnitude estimate obtained from Bates.
In sea level air a would be -10 sec"-^, mainly because of three-body attachment to 0-molecules. In the tuff the a , niight be assumed to attach more quickly because of the higher density. It might also be argued that the value should be lower because of the lack of proper molecules for attachment.
Data for parameters a and ^ are necessary to improve the electron number density determination.
If dn /dt « ^f , the steady-state approximation is reasonable and (31) may be solved for n .
In the solution of the resulting quadratic equation, the ambiguity concerning the two solutions is resolved by requiring n to be positive.
If the (? , term can be neglected (consistent with the data for SiO") and dn /dt can be ol 2 e neglected, a form equivalent to van Lint's is obtained:
Thus in this approximation, equating to van Lint's expression gives a result for crystalline SiO":
In the next section it can be observed that this relation applies reasonably well to granite; a following paragraph indicates that it may apply to tuff also. The large SiO" content in these materials may account for this behavior.
An estimate of the electron mobility is now required. Modeling of the tuff as condensed air and neglecting possible electric field variation give the electron mobility
where
3 X 10 esu of mobility = 1 m v' sec" .
Such a formulation oversimplifies the problem and is only justified by the lack of data for a better
estimate.
An additional difficulty occurs because of the pressures which may be present. For example, 2 a gamma flux of 2 x 10 r/sec incident upon an SiO" sample will deposit about 4. 8 cal per gm of • -8 material for a pulse width of 10 sec. Assumption of a density near 2 gm/cc and a Griineisen coefficient near one results in a pressure increase of 0,4 atmosphere. At larger flux rates near a weapon cavity in Nevada, proportionally larger pressure increases are expected simply because 13 of the deposition of gsimma-ray energy.
Shock waves typically travel at around 20 cm/j/sec.
Hence these pressure increases arrive much later in time. Such pressure effects are expected to change the electron mobility and attachment parameters.
Equation (36) gives (ja 644 esu for the assumed tuff. Back substitution into (35) gives an estimate for a ,: ol -a , (est) = 3.6 xlO sec' . ol This attachment rate is somewhat larger than expected, and may not be reasonable for Nevada tuff.
However, secondary electrons live about lo" second in water^* and the tuff sample is estimated to be 10-percent H^O. Thus the above estimate is conceivable.
CONDUCTIVITY ENHANCEMENT OF GRANITE CAUSED BY GAMMA RADIATION
Preliminary results are available for an experimental measurement of the conductivity of a dry granite sample subjected to the photon beam from the Hermes II accelerator. ^^ At a flux 112 3 of 2 X 10 y MeV/(cm sec) the measured value was 1.045 x lO" mho/m±20 percent. The conductivity pulse had a full width at half-maximum of less than 5 nsec wider than the y pulse. 5 Field intensities up to 6 x 10 V/m were applied without producing breakdown as the pulse traversed the material. The van Lint expression for pure SiO" would predict a peak conductivity -3 of 1.01 X 10 mho/m in this situation, in excellent agreement! An analytical estimate of the Hermes gamma pulse shape is given in Fig. 10 . Use of the 9-1 -6 3 parameters -a^^ = 5 x 10 sec and -^^^ < 3 x 10 cm /sec results in the secondary electron density in Fig. 11 . Since the n only rises to 1.76 x 10^^ electrons/cm^, the a , term dominates e ol the secondary electron attachment in the differential equation. air suggests a lower bound of 10 sec for -a ,. A high concentration of water would increase 9 -1 " this to values larger than 5x10 sec . The shape of the conductivity pulse is reasonably 9 -1 9 -1 invariant for -o , ^ 10 sec ; thus 10 sec appears reasonable. The electron mobility would increase sharply in air and decrease in water pockets. Hence, effective mobility might either increase or decrease from the granite value. Matching the induced conductivity also depends upon the a , value chosen.
ol In order to predict successfully the electromagnetic fields close to an underground nuclear explosion and the associated coupling of that electromagnetic energy into instrumentation cables that may be buried in the Nevada tuff, more information is required concerning the surrounding material properties. Conductivity measurements as a function of gamma-ray dose rate would allow the electron attachment parameters and mobility to be determined. With order-of-magnitude uncertainty in these parameters, a correspondingly high uncertainty must be expected in the calculated signals. Thus, in the case of a scalar permittivity, y] N r .
•'--' 1 1 1
For the dielectric constant to change significantly, the N must change. Large radiation doses are required for even one in 10 of the molecules of a certain type to be affected. Hence dielectric constant changes are not expected. The ionization does create new species such as secondary electrons with zero dipole moment and many types of ions. Relatively high mobility of the electrons causes conductivity to be affected easily by the radiation environment. .5) or that the real (imaginary) part of ( is an even (odd) function of to. Such an approach omits the physical basis for this limitation. The term f. m.ust be an odd function of to to insure decay of an electromagnetic wave when its direction is reversed by the transformation to -» -to. The real part of the displacement vector D should also bear the same relation to the real part of fE when this transformation occurs. This is insured by f being an even function of to. The Debye relaxation m^odel is easily seen to satisfy these criteria. 
